Despite recent progress, the physiological role of Hippo signaling in mammary gland development and tumorigenesis remains poorly understood. Here we show that the Hippo pathway is functionally dispensable in virgin mammary glands but specifically required during pregnancy. In contrast to many other tissues, hyperactivation of YAP in mammary epithelia does not induce hyperplasia but leads to defects in terminal differentiation. Interestingly, loss of YAP causes no obvious defects in virgin mammary glands but potently suppresses oncogene-induced mammary tumors. The selective requirement for YAP in oncogenic growth highlights the potential of YAP inhibitors as molecular targeted therapies against breast cancers.
The Hippo tumor suppressor pathway acts through a kinase cascade to inhibit the transcriptional coactivator Yorkie (Yki) in Drosophila or its mammalian homologs, YAP and TAZ (Pan 2010; Zhao et al. 2010; Halder and Johnson 2011) . This pathway was initially discovered in Drosophila for its critical role in restricting imaginal disc growth by promoting cell cycle exit and apoptosis. More recent studies have implicated Hippo signaling as a conserved regulator of organ size, tissue regeneration, and stem cell biology. The importance of Hippo signaling is further underscored by the widespread activation/overexpression of the YAP oncoprotein in human cancers.
Despite recent progress in understanding Hippo signaling in mammalian development, the physiological roles of the Hippo pathway in many mammalian tissues remain unexplored. Of particular interest to this study is the mammary gland. Although several studies have implicated dysregulation of the Hippo pathway in breast cancers (Overholtzer et al. 2006; Chan et al. 2008; Lei et al. 2008; Cordenonsi et al. 2011) , its physiological role in mammary gland development is unknown. Even in breast tumorigenesis, the contribution of Hippo signaling is controversial. For example, the Yap locus was identified as an amplicon in murine mammary tumors derived from a Brca1/p53 mutant background (Overholtzer et al. 2006) , and YAP/TAZ overexpression was detected in a significant fraction of primary breast cancers (Chan et al. 2008; Cordenonsi et al. 2011) . Consistent with an oncogenic function, YAP/TAZ can promote epithelial-to-mesenchymal transition (Overholtzer et al. 2006; Chan et al. 2008) , metastasis Lamar et al. 2012) , and self-renewal (Cordenonsi et al. 2011 ) of breast cancer cells. Paradoxically, several studies have reported loss of YAP expression in human breast tumors as well as a correlation between improved patient survival and increased YAP mRNA levels, thereby implicating YAP as a breast cancer tumor suppressor (Matallanas et al. 2007; Yuan et al. 2008) . Consistent with the latter view, it was shown that RNAi knockdown of YAP in breast cell lines suppressed anoikis, increased migration and invasiveness, and enhanced tumor growth in nude mice (Yuan et al. 2008) . Reconciling these contrasting findings presents a challenge, especially given the heterogeneity of the genetic makeup of the tumor cells.
In this study, we used mouse genetics to interrogate Hippo signaling in the mammary gland in vivo. We show that the Hippo pathway is genetically dispensable in virgin mammary glands but specifically required during pregnancy, when mammary epithelia undergo rapid growth and terminal differentiation. In this context, hyperactivation of YAP fails to induce hyperplasia but results in a failure of mammary epithelial cells to undergo terminal differentiation. Interestingly, although inactivation of YAP causes no obvious defects in virgin mammary glands, it potently suppresses tumor growth and metastasis in a mouse model of oncogene-induced breast cancer. Our studies uncover a stage-specific requirement for Hippo signaling in mammary development and implicate YAP as a promising drug target for breast cancers.
Results and Discussion
Mammary epithelium undergoes several developmental phases, including ductal elongation in the virgin gland; proliferation, differentiation, and the formation of lobuloalveolar structures during pregnancy; and massive epithelial cell death in post-lactation-induced involution (Richert et al. 2000; Brisken and Rajaram 2006; Watson and Khaled 2008) . We first examined the temporal and spatial patterns of YAP expression by immunohistochemistry. YAP protein was detected in cap cells and body cells in virgin terminal end buds (Supplemental Fig. S1A,B) . In virgin mammary ducts, YAP protein was detected in luminal and myoepithelial cells (Supplemental Fig. S1C ). The subcellular localization of YAP in the virgin glands differed in these cell types: Myoepithelial and cap cells showed prominent nuclear YAP accumulation, while the luminal and body cells displayed a more diffuse localization of YAP throughout the cytoplasm and nucleus (Supplemental Fig. S1A-C) . In pregnant mammary glands, proliferating alveolar cells showed elevated YAP protein levels and prominent nuclear YAP (Supplemental Fig. S1D ). During lactation, YAP staining in the alveoli was significantly decreased, with only a few scattered cells positive for YAP (Supplemental Fig. S1E ). The involuted mammary glands showed YAP expression similar to that of virgin mammary glands, with prominent nuclear YAP staining detected in myoepithelial cells and much less detected in luminal cells (Supplemental Fig. S1F ). The dynamic changes of YAP expression suggest that the Hippo signaling pathway may be required for mammary gland development in the pregnancy-lactation cycle.
To dissect the role of Hippo signaling in mammary development, we engineered mice with mammary-specific loss-of-function or gain-of-function of YAP by crossing floxed alleles of Yap or Sav1 (encoding a well-established tumor suppressor and negative regulator of the YAP oncoprotein) with the MMTV-Cre recombinase (Wagner et al. 1997) . Successful deletion of Yap or Sav1 was confirmed, and the expression of the Yap paralog Taz was unchanged in the Yap-deficient mammary gland (Supplemental Fig. S2A-E) . MMTV-Cre; Yap flox/flox and MMTV-Cre; Sav1 flox/flox mice were born with the expected Mendelian ratio. Examination of Yap-or Sav1-deficient mammary glands from 6-and 8-wk-old virgin mice by whole mounts and paraffin sections revealed no defects In this page In a new window Download as PowerPoint Slide in terminal end bud formation, ductal growth, or ductal branching ( Fig. 1A-C; Supplemental Fig. S3) . Similarly, transgenic overexpression of YAP did not perturb mammary gland morphology in virgin mice (see below). Thus, the Hippo pathway appears largely dispensable in the virgin mammary glands. In contrast to its genetic dispensability in virgin glands, examination of Yap-deficient mammary glands at 16.5 and 18.5 d of pregnancy (P16.5 and P18.5, respectively) revealed significantly reduced alveolar structures ( Fig Fig. S4 ), supporting a cell-autonomous role for YAP in promoting mammary epithelial growth and/or survival during pregnancy. To understand the cellular mechanism underlying the Yap mutant phenotypes, we analyzed cell proliferation and apoptosis by BrdU and TUNEL staining. Compared with the control, Yap-deficient glands showed no alteration in cell proliferation (Fig. 1D ) but a significant increase in apoptosis (Fig. 1E) . Strikingly, despite hypoplasia, the Yap-deficient alveoli were positive for P-Stat5 and Npt2b, two markers that are normally expressed in terminally differentiated mammary alveolar cells ( Fig. 2A,B ; Liu et al. 1996; Long et al. 2003; Shillingford et al. 2003) , suggesting that YAP is required for cell survival but not terminal differentiation of mammary alveoli. Consistent with this finding, we observed accumulation of cytoplasmic lipid droplets, a hallmark of terminal mammary differentiation, in Yap-deficient alveoli in vivo (Fig. 1C ) or in cultured mammary organoids in vitro (Supplemental Fig. S4 ). Thus, while YAP is largely dispensable in the virgin mammary glands, it is required for the survival of mammary epithelial cells during pregnancy. Loss of Sav1 leads to defects in terminal differentiation of mammary glands. (A-C) P18.5 mammary glands were analyzed for P-Stat5 (green) and smooth muscle actin (SMA, red) (A), Npt2b (green) and SMA (red) (B), and H&E staining (C). Note the presence of P-Stat5 and Npt2b staining in Yap −/− and Sav1 −/− Yap −/− glands and its absence in Sav1 −/− glands. Bars, 20 μm. (D) Control (MMTV-Cre only), Yap-deficient, and Sav1-deficient mammary glands at P13.5 were stained for AQP5 (red) plus DAPI (blue) or NKCC1 (green) plus SMA (red). Note the presence of AQP5 and NKCC1 signals (arrowheads) in virgin but not P13.5 glands in all genotypes. Bar, 20 μm.
Next, we analyzed Sav1-deficient mammary glands at P16.5 and P18.5. Unlike normal alveoli in late pregnancy, which showed a distended morphology and abundant cytoplasmic lipid droplets, Sav1 mutant glands appeared less differentiated, as they contained tightly packed alveoli without lipid droplets (Figs. 1A,C, 2C; Supplemental Fig. S3 ). Consistent with the histological defects, the differentiation markers P-Stat5 and Npt2b were completely absent in Sav1-deficient glands in late pregnancy ( Fig. 2A,B) . A similar defect in lipid droplets accumulation was observed in organoid cultures of Sav1-deficient mammary epithelial cells (Supplemental Fig. S4 ). Despite their differentiation defects, the Sav1-deficient glands exhibited alveolar cell numbers similar to those of control glands, which distinguished them from the alveolar hypoplasia observed in the Yap-deficient mammary glands (Figs. 1A,C, 2A-C) . Indeed, Sav1 mutant glands showed normal levels of cell proliferation and apoptosis (Fig. 1D,E) .
We noted that the Sav1-deficient alveoli showed normal expression of Keratin 8 and Keratin 14, markers for the luminal and myoepithelial layers, respectively, suggesting that these two cell types are specified correctly (Supplemental Fig. S2F ; Guelstein et al. 1988; Wetzels et al. 1989) . To further evaluate the differentiation defects, we examined two markers that are normally expressed in virgin mammary glands but are down-regulated at earlier stages of pregnancy. AQP5 (aquaporin5) is present on the apical membrane of ductal cells in virgin glands, and its expression is normally turned off at early pregnancy . NKCC1 is a Na-K-Cl cotransporter that is enriched on the basolateral membrane of ductal mammary epithelial cells in virgin glands, and its expression is normally turned off in developing alveoli and ductal structures at mid pregnancy . In Sav1-deficient mammary glands, AQP5 and NKCC1 were down-regulated by mid-pregnancy as in control glands (Fig. 2D) . Thus, the differentiation defects of Sav1 mutant mammary glands are specific to late pregnancy but not early/mid-pregnancy.
The results presented so far suggest that Sav1 and Yap are dispensable in virgin mammary glands but are required specifically during pregnancy, with loss of Sav1 and Yap affecting mammary cell differentiation and survival, respectively. To better understand the relationship between Sav1 and Yap in mammary development, we generated Sav1; Yap double-mutant mammary glands. As in the respective single mutants, we found no abnormalities in the doublemutant virgin mammary glands. In late pregnancy, however, the Sav1; Yap double-mutant mammary glands showed phenotypes similar to those of Yap mutant glands: They both contained significantly reduced alveolar structures that were positive for the late differentiation markers P-Stat5 and Npt2b ( Fig.   2A-C) . Thus, loss of Yap could rescue the terminal differentiation defects of the Sav1 mutant, suggesting that YAP is a critical mediator of Sav1 in alveolar differentiation. Consistent with this view, Sav1 mutant mammary glands showed decreased phosphorylation at the Hippo-responsive YAP S112 phosphorylation site (Supplemental Fig. S2D ).
Our findings support a model in which Hippo signaling, via inhibition of YAP, promotes terminal mammary differentiation during pregnancy. This model predicts that overexpression of YAP may result in differentiation defects similar to loss of Sav1. We tested this hypothesis through transgenic overexpression of human YAP under the control of a tetracycline response element (TRE) (Dong et al. 2007 ). Crossing the TRE-YAP strain with the mammary-specific MMTV-rtTA driver (Gunther et al. 2002 ) allowed mammary-specific YAP overexpression in a doxycycline-regulated manner (Supplemental Fig. S5A ). Interestingly, upon doxycycline feeding starting at birth, the MMTV-rtTA; TRE-YAP mice showed patchy expression of the transgene, effectually creating mosaic mammary glands in which YAP-overexpressing cells could be compared side-by-side with wild-type neighbors without YAP overexpression (Supplemental Fig. S5B ). We detected no difference between YAP-overexpressing and nonoverexpressing mammary ducts in virgin glands (Supplemental Fig. S5B ). However, in late pregnancy, the alveoli with YAP overexpression, but not those without YAP overexpression, failed to undergo terminal differentiation: They showed an undistended morphology (Fig. 3B) and lacked differentiation markers such as P-Stat5, Npt2b, and β-casein (Fig. 3D-F) . The similar differentiation defects exhibited by the YAP transgenic glands and the Sav1-deficient glands are consistent with the genetic epistasis analysis presented earlier, further implicating YAP as a critical mediator of Hippo signaling in alveolar differentiation. The MMTV-rtTA; TRE-YAP mice also allowed us to examine the effect of direct YAP overexpression on cell proliferation. Analysis of YAP-overexpressing and nonoverexpressing alveoli revealed no significant difference (Supplemental Fig. S5C ), suggesting that, as in Sav1-deficient glands (Fig. 1D,E) , YAP overexpression did not affect mammary cell proliferation. Consistent with these findings, by 18 mo of age, no tumors or hyperplasia were observed in Sav1-deficient or YAP transgenic mammary glands from both nulliparous and multiparous animals (n > 10 for each genotype/parity group). Thus, unlike many other tissues such as liver and intestine, activation of YAP alone is insufficient to drive hyperplasia in mammary epithelia.
Given the unexpected finding that YAP activation is insufficient to induce mammary hyperplasia, we investigated whether YAP is required in breast tumorigenesis using a well-characterized mouse model of oncogene-induced breast cancer. Expression of the polyoma middle T antigen (PyMT) under the control of the MMTV promoter results in early onset mammary tumors and lung metastases in virgin mice (Guy et al. 1992) . Interestingly, PyMT-induced mammary tumors showed increased expression of YAP (Fig. 4A ) and TAZ (Supplemental Fig. S6A ). To examine whether YAP contributes to PyMT-induced breast cancer, we inactivated YAP by introducing MMTV-Cre; Yap flox/flox into the PyMT background. PyMT virgins developed palpable mammary tumors starting at 8 wk of age, with 50% of virgins showing tumors by 12 wk and 100% of virgins showing tumors by 22 wk of age (n = 33). In contrast, palpable tumors first appeared in the Yap-deficient PyMT virgins at 17 wk of age, with 50% and 100% tumor incidence occurring at 25 and 29 wk of age, respectively (n = 20) (Fig. 4B) . Examination of 15-wk-old Yap-deficient PyMT glands (before the detection of palpable tumors) revealed largely normal mammary epithelia containing a few focal hyperplasia, whereas age-matched PyMT glands showed widespread mammary hyperplasia and neoplasia (Fig. 4C) . Consistent with suppression of tumor growth, phosphorylated histone H3 (PH3) and cleaved caspase-3 staining revealed decreased proliferation and increased apoptosis in the Yap-deficient PyMT glands compared with the PyMT glands (Fig. 4D) . We also examined lung metastases in mice with end-stage tumors (at 22-29 wk of age). The incidence of lung metastases in the Yap-deficient PyMT mice (one out of 11) was significantly reduced compared with that in the PyMT mice (nine out of 17) (Supplemental Fig. S6B ). The genetic requirement for YAP in oncogene-induced breast cancer in mice prompted us to explore YAP inhibition as a means to suppress the growth of human breast cancer cells. For this purpose, we took advantage of verteporfin (VP), a recently reported YAP inhibitor that interferes with the physical association between YAP and its obligatory DNA-binding transcription factor partner, TEAD/TEF (Liu-Chittenden et al. 2012) . A collection of eight commonly used human breast cancer lines with varying levels of YAP expression (Supplemental Fig. S7 ) were treated with VP at different concentrations (Fig.  5) . Interestingly, cell lines with higher YAP expression levels were generally more sensitive to VP than cell lines with lower YAP expression levels. For example, T47D, which has the highest YAP expression levels, was fully inhibited by 1 μM VP, whereas BT-483, which has the lowest YAP expression levels, was inhibited only by 10 μM VP (Fig. 5) . Thus, YAP inhibitors may be particularly effective against breast cancers driven by high levels of oncogenic YAP activity. In summary, our studies provided unexpected insights into Hippo signaling in mammary development and tumorigenesis. First, in contrast to its potent oncogenic activity in cultured mammary epithelial cells, hyperactivation of YAP alone is insufficient to drive oncogenic growth in the normal mammary epithelia. Thus, it is likely that YAP-induced oncogenic growth requires cooperating genetic lesions. Consistent with this view, the YAP amplicon in mammary tumors was isolated from a genetic background bearing loss of Brca1 and p53 tumor suppressor genes (Overholtzer et al. 2006) . Second, the Hippo pathway is dispensable in virgin glands but specifically required during pregnancy, when loss of YAP causes apoptosis of mammary epithelial cells, and hyperactivation of YAP results in a failure of terminal differentiation. This temporally restricted role of Hippo signaling is consistent with the dynamic changes of YAP expression during pregnancy, when mammary epithelial cells undergo tremendous expansion and differentiation. Of note, a recent study showed that YAP is dispensable for intestinal development but required in regenerating intestinal epithelia, which exhibit dynamic changes of YAP protein levels . Thus, Hippo signaling may be particularly important under conditions of rapid tissue growth and morphogenesis.
Our findings that loss of YAP results in apoptosis of mammary epithelial cells during pregnancy and that YAP is required for oncogene-induced breast cancers support an oncogenic rather than a tumor suppressor function of YAP in mammary tumorigenesis. The profound defect in alveolar differentiation upon Sav1 inactivation or YAP overexpression suggests that dysfunction of Hippo signaling may contribute to breast cancer genesis by blocking terminal differentiation, thereby providing a pool of immature cells that are not overproliferative per se but that are more susceptible to oncogenic transformation by cooperating genetic lesions. It is tempting to speculate that a YAP-induced differentiation block, as we uncovered in mammary development, may represent a more general mechanism by which the YAP oncoprotein promotes tumorigenesis in diverse mammalian tissue types. The dispensability of YAP in normal virgin glands, coupled with the genetic suppression of oncogene-induced breast cancers by loss of YAP, suggests that YAP may be an ideal target for molecular targeted therapies against breast cancers.
Materials and methods

YAP transgenic mice and Yap and Sav1 conditional knockout mice
Pronuclear injection of linearized pTRE2-YAP transgene (Dong et al. 2007 ) was carried out by the Johns Hopkins Transgenic Core Facility. The pTRE2-YAP transgenic mice were identified by a PCR primer set (PS1, 5′-GTCCATGGTGATACAAGGGACATC-3′; PS2, 5′-GGCTGCCACCAAGCTAGATAAAG-3′) that yielded a 700-base-pair product in positive lines and were maintained in a C57BL6 background. The MMTV-rtTA strain (FVB background) was kindly provided by Dr. Lewis C. Chodosh (Gunther et al. 2002) . For YAP induction, transgenic and nontransgenic littermates (FVB/C57BL6 mixed background) were fed 2 mg/mL doxycycline (Sigma) in drinking water supplemented with 2.5% sucrose starting at birth.
Yap flox and Sav1 flox mice have been published Zhang et al. 2010) . Mammary gland-specific knockout mice were generated by breeding Yap flox or Sav1 flox mice with MMTV-Cre (line F) mice (Wagner et al. 1997) obtained from the National Cancer Institute Mouse Repository. Although this MMTV-Cre line was recently reported to show lactation defects resulting in the death of all pups before weaning (Robinson and Hennighausen 2011), in our colony, these mice (in a FVB/129/C57Bl6 mixed background) can rear 50% of pups to viable adults, and examination of mammary glands at 18.5 d of pregnancy reveals no histological difference between wild-type and MMTV-Cre mice. Therefore, we only examined mammary development at or earlier than P18.5, and mice bearing MMTV-Cre only were used as a control in all of our studies. For timing of the pregnant mice, noon of the day that the vaginal plug was observed was designated embryonic day 0.5. All animal experiments were performed with protocols approved by the Johns Hopkins University Institutional Animal Care and Use Committee.
